Mitochondrial gene expression is essential for adenosine triphosphate synthesis via oxidative phosphorylation, which is the universal energy currency of cells. Here, we report the identification and characterization of a homologue of Saccharomyces cerevisiae Mtf2 (also called Nam1) in Schizosaccharomyces pombe. The Dmtf2 mutant with the intron-containing mitochondrial DNA (mtDNA) exhibited impaired growth on a rich medium containing the non-fermentable carbon source glycerol, suggesting that mtf2 is involved in mitochondrial function. mtf2 deletion in a mitochondrial intron-containing background resulted in a barely detectable level of the cox1 mRNA and a reduction in the level of the cob1 mRNA, and severely impaired cox1 translation. In contrast, mtf2 deletion in a mitochondrial intron-less background did not affect the levels of cox1 and cob1 mRNAs. However, Cox1 synthesis could not be restored to the control level in the Dmtf2 mutant with intron-less mtDNA. Our results suggest that unlike its counterpart in S. cerevisiae which plays a general role in synthesis of mtDNA-encoded proteins, S. pombe Mtf2 primarily functions in cox1 translation and the effect of mtf2 deletion on splicing of introns in mtDNA is likely due to a deficiency in the synthesis of intron-encoded maturases.
INTRODUCTION
Mitochondria are eukaryotic organelles that play important roles in cell metabolism and survival [1, 2] . The main function of mitochondria is to generate adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS). Mitochondria contain their own genome encoding components of the OXPHOS system and its own rRNAs and tRNAs for translation. The majority of proteins required for OXPHOS are encoded by the nuclear genome and imported into mitochondria.
Like the budding yeast Saccharomyces cerevisiae, the fission yeast Schizosaccharomyces pombe is a genetically tractable model organism. These two species exhibit differences in many cellular processes [3] and are ideal model organisms for understanding mitochondrial gene expression [4, 5] .
The mitochondrial genome (mtDNA) of the fission yeast S. pombe is a compact, linear DNA of~19 kb [6, 7] . It encodes key subunits of the OXPHOS complexes, such as apocytochrome b of cytochrome b-c1 complex (complex III) (Cob1, also called Cob or Cytb), cytochrome c oxidase (complex IV or COX) subunits 1, 2, 3 (Cox1, 2, 3) and ATP synthase (complex V) subunits (Atp6, 8, 9) . In addition, S. pombe mtDNA encodes mitochondrial ribosomal protein (Var1), the large and small subunits of the mitochondrial ribosome (rnl and rns), 25 tRNAs and the RNA subunit of RNase P (rnpB) [5, [8] [9] [10] .
In S. pombe, mitochondrial RNAs (mt-RNAs) are transcribed as polycistronic transcripts that are further processed to generate mature RNAs (Fig. S1 , available in the online version of this article). The 5¢-ends of mitochondrial mRNAs are processed by the tRNA 3¢-end processing enzyme tRNase Z (also called RNase Z) [11] [12] [13] [14] , whereas the 3¢-ends of the mitochondrial mRNAs are generated by a processosome complex containing the tRNA 5¢-end processing enzymes RNase P, the exoribonuclease Rpm1 (also called Par1) and the RNA helicase Rpm2 (also called Pah1) [5, 15] .
Unlike mammalian mtDNAs, yeast mtDNAs have introns. The S. cerevisiae mtDNA contains nine group I introns and four group II introns [16] . The COX1 gene has seven introns (aI1-aI4 and aI5a, -b and -g), the CYTB gene harbours five introns (bI1-bI5), and the 21S rRNA gene has one intron (!). aI3, aI4, aI5a, aI5b, bI2, bI3, bI4, bI5 and ! are group I introns, whereas the remaining introns belong to group II introns. Some of these introns encode RNA maturases, DNA endonucleases and reverse transcriptases [17] [18] [19] . Unlike the S. cerevisiae mtDNA, the S. pombe mtDNA contains only three introns: two group I introns (cox1I1b and cox1I2b) in cox1 and one group II intron (cob1I1) in cob1 [5] . cox1I1b encodes both a maturase and a DNA endonuclease, cox1I2b encodes a DNA endonuclease [20] and cob1I1 encodes a multidomain protein with reverse transcriptase activity and maturase activity that is required for its own splicing [21] .
Splicing of mtDNA-encoded introns requires both intronencoded maturases and nuclear-encoded protein factors [22] . So far, protein factors involved in splicing have only been identified in S. cerevisiae. Mrs1 is required for the excision of the CYTB bI3 [23] . Mss116, a DEAD-box helicase, is a general splicing factor that facilitates the efficient splicing of all mitochondrial introns [24, 25] . Unlike most mitochondrial introns, which need one or two protein factors for splicing, splicing of COX1 aI5b requires multiple factors including Mne1, Pet54, Mrs1, Mss18, Mss116 and Suv3, a DExH/D protein (where x can be any amino acid) [26, 27] . This is likely due to the fact that the conserved structure of aI5b is disrupted by two large inserts [28] . Mtf2 (also known as Nam1) appears to be required for splicing of COX1 and CYTB introns. Nam2, which is a mitochondrial leucyl-tRNA synthetase, functions in the excision of several group I introns including bI4, aI4, bI2, bI3 and aI3 [29] . Cox24 participates in the processing of two COX1 introns (aI2 and aI3). It appears that only a few of S. cerevisiae splicing factors are conserved in S. pombe (Table S1 ).
Translation of mtDNA-encoded mRNAs depends on nuclear-encoded mitochondrial translation factors [30] [31] [32] . The majority of these proteins were identified in S. cerevisiae [33] . In S. cerevisiae, Cob1 synthesis is activated by Cbs1, Cbs2, Cbp1, Cbp3 and Cbp6. Cox1 synthesis is specifically controlled by Pet309, Mss51 and Mam33. Pet111 is the COX2 mRNA-specific translational activator. Cox3 synthesis is governed by Pet54, Pet122 and Pet494. Except for homologues of Mss51, Mam33, Pet309, Cbs2, Cbp3 and Cbp6, no other sequence homologues of S. cerevisiae mitochondrial translation activators have been identified in S. pombe and humans [31] . In S. pombe, pentatricopeptide repeat (PPR) protein Ppr4 (the orthologue of Pet309) specifically activates translation of the cox1 mRNA [34] . Ppr1 stabilizes cox2 and cox3 mRNAs, and in addition may have a role in their translation. In humans, LRPPRC is required for polyadenylation and translation of mitochondrial mRNAs [35] [36] [37] . TACO1 specifically activates COX1 translation [38, 39] . Besides gene-specific translation factors, general translation factors also play an important role. For example, S. cerevisiae Mtf2 [40, 41] and S. pombe Ppr2 [34] are required for overall mitochondrial protein synthesis.
In this article, we identified and characterized S. pombe Mtf2 (SPAC5D6.12), which shares very weak amino acid sequence similarity with S. cerevisiae Mtf2. Our results suggest that S. pombe Mtf2 is likely to have a more limited role than its S. cerevisiae counterpart.
METHODS
Strains, media and genetic methods The S. pombe strains used in this study are listed in Table 1 . The mtf2 gene was deleted by homologous recombination using pFA6a-kanMX6 with the G418 resistance marker [42] . Briefly, the 5¢ flank (516 bp) and 3¢ flank (408 bp) of mtf2 and the kanMX6 gene were amplified by PCR using the following primer pairs: mtf2-up-500 and mtf2-upro-re; mtf2-downro-fo and mtf2-down-down; and mtf2-upro-fo and mtf2-downro-re (see Table S2 for primer sequences). The three fragments were joined by overlapping PCR using primers mtf2-up-500 and mtf2-down-down and the resulting PCR product was transformed into wild-type S. pombe yHL6381 with mitochondrial introns or P3 lacking mitochondrial introns (a kind gift from Nathalie Bonnefoy), generating deletion mutants yLJ1 and yLY1, respectively. Deletion of the mtf2 gene was verified by PCR.
S. pombe cells are grown at 30
C in rich media (YES, 0.5 % yeast extract plus supplements, and 3 % glucose, 3 % glycerol or 2 % galactose and 0.1 % glucose). The inability of S. pombe to grow on glycerol or galactose media indicates a defect in the respiratory chain [34, [43] [44] [45] . We used standard media and protocols for the genetic manipulation of fission yeast as previously described [46] .
Reverse transcription PCR (RT-PCR) and quantitative real-time reverse transcription PCR (qRT-PCR) S. pombe cells were grown to the exponential phase in a rich medium containing 0.67 % yeast extract, 5 % raffinose, 0.1 % glucose and appropriate amino acids at 30 C. Total RNA was isolated using an E.Z.N.A. yeast RNA kit (OMEGA) and treated with RNase-free DNase I (Fermentas) to remove contaminating genomic DNA. RNA was reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). For RT-PCR, PCR reactions were performed using TaKaRa Taq. The primers used are shown in Table S2 . The resulting PCR products were detected on 1 % agarose gel. For qRT-PCR, PCR reactions were performed using SYBR Select Master Mix (Life Technologies) with primers described previously [43] . The relative abundance of mitochondrial transcripts were normalized to the act1 mRNA. The relative fold changes in mt-mRNA and mt-rRNA were calculated using the 2 -DDCt method. The p-value is calculated using independent samples' t-test in the SPSS version 16.0 software. All reactions were performed in triplicate. Error bars were generated from the S.D.
Northern blot analysis
Northern blot analysis was carried out by using DIG-high prime DNA labelling and detection starter kit II (Roche).
Briefly, RNA for Northern blot analysis was isolated from S. pombe cells grown exponentially in a rich YES medium using the hot phenol method as described [34] . Total RNA was separated on a 1 % agarose-formaldehyde gel and blotted onto a positively charged nylon membrane (Roche). For detection of the mature cox1, cob1 and rns mRNAs, probes were obtained by first PCR amplification of S. pombe DNA with pairs of specific oligonucleotide primers (Table S2) . Then, the PCR products were digoxigenin (DIG)-labelled according to the manufacturer's instructions. Images were captured by Tanon 5200 Multi chemiluminescent imaging system (Tanon).
In vivo
35 S-labelling of mitochondrial translation products Wild-type and Dmtf2 cells were grown to exponential phase in a complete YES medium containing 0.1 % glucose and 5 % raffinose. Overall, 1.5 OD 600 of cells were collected and suspended in 500 µl of reaction buffer containing 15 mg ml À1 cycloheximide. After 15 min of preincubation at 30 C, 8 µl of [ 35 S] methionine/cysteine mix (NEG-072, PerkinElmer Life Science) was added and the cell suspensions were incubated at 30 C for 3 h in the presence of cycloheximide [47] . After labelling, cells were pelleted. The cell pellet was then suspended in 75 µl solubilization buffer [1.8 M NaOH, 1 M b-mercaptoethanol, 10 mM phenylmethylsulfonyl fluoride (PMSF)]. Proteins were precipitated by the addition of an equal volume of 50 % trichloroacetic acid. The precipitates were washed and solubilized in SDS-PAGE loading buffer, which were run on SDS-PAGE. The proteins were blotted onto nitrocellulose membranes and signals were detected using the Cyclone Plus Storage Phosphor System (Perkin-Elmer).
Western blot analysis
For Western blot analysis of the steady-state levels of the subunits of OXPHOS complexes, mitochondria were isolated from S. pombe spheroplasts prepared using lysing enzymes from Trichoderma harzianum (Sigma), and crude mitochondrial extracts were prepared as described [48] . Samples were run on SDS-PAGE and analysed by Western blotting. Primary antibodies were: anti-Sla1 (1 : 5000), antiCob1 (1 : 500), anti-Cox1 (1 : 1000), anti-Cox2 (1 : 1000), anti-Cox3 (1 : 400), anti-Cox4 (1 : 1000) and anti-HSP60 (1 : 1000; Sangon). Secondary Abs used were IRDye 800CW conjugated goat anti-rabbit Abs (LI-COR Biosciences).
Bands were detected using an Odyssey near-infrared fluorescence scanner (LI-COR Biosciences).
RESULTS

Identification of S. pombe Mtf2
To identify S. pombe Mtf2, we first performed a blastp search using the protein sequence of S. cerevisiae Mtf2 as the query. However, we failed to identify S. pombe Mtf2. Next, we performed a PSI-BLAST search (Position-Specific Iterated BLAST which incorporates position specific similarity information) and identified the S. pombe homologue of S. cerevisiae Mtf2 in the second iteration.
The PSI-BLAST search revealed 193 candidate Mtf2 proteins (including S. pombe Mtf2), the majority of which were fungal species (157 candidates) (data not shown). Sequences of the S. pombe and S. cerevisiae Mtf2 proteins are highly divergent (13.5 % sequence identity between them). Even the Mtf2 protein sequences from the two fission yeasts S. pombe and Schizosaccharomyces japonicus are quite divergent (24 % sequence identity). S. pombe Mtf2 has 24-38 % sequence identity with three other fission yeast proteins (Table S3) . Multiple sequence alignments of Mtf2 proteins from seven selected species are shown in Fig. 1 . Sequence analysis revealed that Mtf2 proteins possess a conserved region, which contains five absolutely conserved amino acid residues (Tyr, Asn, Trp, Glu and Met) (Fig. 1) . We named this region the Mtf2-associated box.
Deletion of mtf2 causes a respiratory growth defect
To investigate the function of S. pombe Mtf2, we constructed a deletion mutant of mtf2 by using homologous recombination. We examined the growth of the wild-type and Dmtf2 mutant strains on various media containing glucose, glycerol or galactose. The Dmtf2 mutant grew similarly to the wild-type strain on a glucose-containing medium (Fig. 2a) . In contrast, the Dmtf2 mutant exhibited a clear growth defect on media containing either glycerol or galactose (Fig. 2a) , suggesting that the Dmtf2 mutant is defective in mitochondrial respiration.
We also examined the viability of the Dmtf2 cells using a standard spotting assay. The Dmtf2 cells begin to lose viability after 36 h of incubation and lost most of their viability at 48 h of incubation (Fig. 2b) . These results are consistent with the previous findings that S. pombe respiratory- deficient mutants have a reduced viability at stationary phase [49] . In addition, deletion of mtf2 also resulted in the flocculation phenotype (data not shown), which is commonly associated with S. pombe respiratory-deficient mutants.
Deletion of mtf2 affects the accumulation of cox1 and cob1 mRNAs, and to a much lesser extent, other mtDNA-encoded RNAs To determine how Mtf2 functions, we first performed qRT-PCR to evaluate the abundance of mitochondrial transcripts cryophilus Mtf2 (ScrMtf2, XP_013024573.1), S. octosporus Mtf2 (SocMtf2, XP_013016292.1), S. japonicus Mtf2 (SjaMtf2, XP_002172769.1), S. pombe Mtf2 (SpoMtf2, NP_593358.1), Aspergillus fumigatus Mtf2 (Afu Mtf2, XP_751110.1) and Neurospora crassa Mtf2 (NcrMtf2, XP_958449.1) were aligned using the Clustal W program [63] . Identical residues are indicated by a black background, and similar residues are shaded in grey. Asterisks indicate amino acid residues that are absolutely conserved. The square indicates the conserved region.
in wild-type and Dmtf2 cells. The housekeeping gene bactin was used as a reference. Our results showed that the accumulation of cox1 mRNA was impacted the most by the deletion of mtf2 and that the level of the cox1 mRNA was barely detectable in Dmtf2 cells (Fig. 3) . The second most affected transcript was the cob1 mRNA, whose level was reduced 2.9-fold (Fig. 3) . In contrast, the levels of cox2 and cox3 were moderately reduced and the levels of atp6, atp9, var1, rnl and rns were not significantly changed in Dmtf2 cells compared to wild-type cells (Fig. 3) . These results indicate that deletion of mtf2 primarily affects the accumulation of the cox1 and cob1 mRNAs.
Analysis of mitochondrial protein synthesis in the Dmtf2 mutant
To determine whether deletion of mtf2 affected mitochondrial protein synthesis, we analysed the mitochondrial translation products in wild-type and Dmtf2 cells. Mitochondrial translation products of wild-type and Dmtf2 cells were labelled with [ 35 S] methionine and [ 35 S] cysteine in the presence of the cytoplasmic translation inhibitor cycloheximide (CHX). CHX treatment is less efficient in S. pombe than in S. cerevisiae, since S. pombe requires a 50-fold higher concentration of CHX than S. cerevisiae to potently inhibit cytoplasmic translation [47] . Furthermore, in vivo labelling of mitochondrial proteins in S. pombe is much less efficient than in S. cerevisiae and humans and requires relatively long times (~3 h) [34, 47] . Nevertheless, this approach was used successfully in S. pombe [34, [50] [51] [52] . We identified all proteins synthesized by mitochondria based on their sizes and published results [34, 50-52]. As shown in Fig. 4a , deletion of mtf2 nearly abolished Cox1 synthesis and modestly reduced Cox2 synthesis. Other mtDNA-encoded proteins were synthesized efficiently (Fig. 4a) . Western blot analysis confirmed a dramatic reduction of the Cox1, Cob1, Cox2 and Cox3 proteins in P<0.01; *** P<0.001. atp8 was not detected by real-time PCR, presumably because the transcript was too short.
Dmtf2 cells (Fig. 4b) . To determine the stability of complex IV, we examined the nuclear-encoded Cox4 protein level and found that it was moderately decreased in Dmtf2 cells (Fig. 4b) . These results also suggest that the very low level Cox1 results in down-regulation or destabilization of individual complex IV subunits.
Deletion of mtf2 affects mitochondrial intron splicing and Cox1 synthesis We determined whether a dramatic reduction in the levels of cob1 and cox1 mRNAs in the Dmtf2 mutant was due to defective removal of their introns by RT-PCR, which is the most sensitive method for detection of transcripts [53] . We first performed RT-PCR analysis of RNA isolated from Dmtf2 cells with intron-containing mtDNA. RT-PCR analysis showed that in the intron-containing background, the cox1 mRNA was barely detectable (Fig. 5a, b) , and the cob1 mRNA was greatly reduced in the Dmtf2 mutant (Fig. 5c) . These results were subsequently confirmed by Northern blotting (Fig. 5i) . Consistent with these results, RT-PCR with cox1 and cob1 intron primers revealed that the levels of intron-retaining cox1 and cob1 pre-mRNAs were increased in the Dmtf2 mutant in the intron-containing background (Fig. 5a-c) .
Next, we performed RT-PCR analysis of RNA isolated from the Dmtf2 mutant with intron-less mtDNA. The Dmtf2 mutant lacking mitochondrial introns was constructed by deleting mtf2 in the S. pombe P3 strain, which has a functional mtDNA but is devoid of mitochondrial introns [54] . In the intron-less background, the cox1 and cob1 mRNAs were detected at similar levels in wild-type and Dmtf2 strains (Fig. 5e-g ). We also performed Northern blot analysis to confirm that the levels of cox1 and cob1 mRNAs could indeed be restored in the Dmtf2 mutant devoid of mitochondrial introns (Fig. 5j) . Based on these results, we conclude that Mtf2 is required for splicing of the cox1 and cob1 introns.
We also performed spotting assays on glycerol-containing YES plates to test whether the respiration growth defect caused by deletion of mtf2 could be rescued by deletion of mitochondrial introns. The Dmtf2 mutant devoid of mitochondrial introns could not grow on a YES medium containing glycerol (Fig. 6a) . We further tested whether deletion of mitochondrial introns could restore Cox1 synthesis by in vivo 35 S labelling. As shown in Fig. 6b , Cox1 synthesis was not recovered in the Dmtf2 mutant devoid of mitochondrial introns. Consistent with the results from the spotting assay and in vivo 35 S labelling experiments, deletion of mitochondrial introns could not restore the steady-state levels of Cob1, Cox1, Cox2 and Cox3 proteins to the control levels (Fig. 6c) . Altogether, these results suggest that Mtf2 is required for Cox1 synthesis and that the effect of mtf2 deletion on splicing of mitochondrial introns is likely due to a deficiency in the synthesis of intron-encoded maturases.
DISCUSSION
In this work, we identified and characterized the S. pombe homologue of S. cerevisiae Mtf2. In S. cerevisiae, cells lacking mtf2 show a respiratory defect that results in a high level of petite production relative to wild-type cells [40, 55, 56] . Similar to the phenotype associated with the S. cerevisiae mtf2 deletion mutant, S. pombe cells lacking mtf2 are unable to grow on media containing non-fermentable carbon Dmtf2 cells. Sla1, which is involved in 3¢-end processing of nuclear tRNA precursors [64] , was detected by anti-Sla1 Ab and was used as a loading control. (b) Western blot analysis of steady-state levels of mtDNA-encoded Cob1, Cox1, Cox2 and Cox3, as well as nuclearencoded Cox4 in the wild-type and Dmtf2 mutant. Hsp60 was detected by an anti-HSP60 Ab and was used as a loading control. * denotes an unspecific band. Schematics show the relative positions of primer pairs for RT-PCR. RT-PCR was performed using primer pairs indicated at the top of the gel and PCR products were run on 1 % agarose gel and stained with ethidium bromide. 'un' indicates unspliced cox1 or cob1 mRNAs; and 'sp' indicates spliced cox1 or cob1 mRNAs. M, DNA size markers in nucleotides. Boxes represent exons and lines indicate introns. (i, j) Northern blotting of mature cox1, cob1 mRNAs from WT and Dmtf2 strains in a mitochondrial intron-containing background (i) or in a mitochondrial intron-less background (j). Total RNAs were isolated from the indicated strains, separated on a formaldehyde agarose gel, transferred to a nylon membrane. Blots were hybridized with DIG-labelled probes specific for cox1, cob1 and rns RNAs. rns rRNA was used as a loading control.
sources that potentiate mitochondrial respiration, suggesting that Mtf2 is required for respiration.
In S. cerevisiae, deletion of mtf2 in cells containing mitochondrial introns results in an undetectable level of the cox1 mRNA and a greatly reduced level of the cytb mRNA. However, cox1 and cytb mRNAs accumulate to normal levels in the mutant carrying the intron-less mitochondrial genome. This has led to the suggestion that splicing defects observed in the Dmtf2 mutant are likely a secondary effect of decreased translational efficiency [56] . Similarly, deletion of mtf2 in S. pombe cells with mitochondrial introns nearly abolishes the accumulation of the cox1 mRNA, and reduces the level of the cob1 mRNA. In addition, the levels of cox1 and cob1 mRNAs in the Dmtf2 mutant devoid of mitochondrial introns could be restored to control levels. Thus, it is very likely that a deficiency in the synthesis of the maturases encoded by mitochondrial introns is responsible for the splicing defects of cox1 and cob1 mRNAs in S. pombe.
The observation that deletion of mitochondrial introns restores the level of cox1 mRNA but does not restore Cox1 synthesis in the Dmtf2 mutant supports a role for Mtf2 in Cox1 synthesis. In S. pombe, the PPR protein Ppr4 is also required for Cox1 synthesis [34] . It remains to be determined whether the two proteins function distinctly or redundantly in the Cox1 synthesis.
We noted that, although the level of the cob1 mRNA is reduced in Dmtf2 cells, synthesis of Cob1 protein is not reduced. A possible explanation is that only a fraction of the cob1 mRNA is used for translation. We also noted that, although the synthesis of Cob1 and Cox3 is not impaired, the steady-state levels of these proteins as determined by Western blotting are dramatically reduced. A decrease in the steady-state level of Cob1 is probably caused by destabilization of complex III in the absence of complex IV. Alternatively, the instability of Cob1 could be due to the alteration/missregulation of the upstream steps of cob1 expression in the Dmtf2 mutant. A reduction in the steadystate level of Cox3 is likely caused by its destabilization due to loss of Cox1. Consistent with this hypotheses, we found that the steady-state level of Cox4 protein, a nuclearencoded subunit of complex IV, is reduced in the Dmtf2 mutant. Similar observations have been reported for the mutant lacking ppr4, which is specifically involved in the translation of the cox1 mRNA and for the mutant lacking ppr1, which is specifically required for the stability of cox2 and cox3 mRNAs [34] .
It has been shown that S. cerevisiae Mtf2 interacts with mitochondrial RNA polymerase Rpo41 [57] . Besides, S. cerevisiae Mtf2 is proposed to be involved in delivering mitochondrial transcripts to the translation machinery through interaction with Sls1, which is a mitochondrial membrane protein involved in assembly of OXPHOS complexes III and IV [58] . It remains to be determined whether S. pombe Mtf2 interacts with these two proteins and performs similar functions.
Our analysis reveals that unlike S. cerevisiae Mtf2, which is required for overall mitochondrial protein synthesis [40] , S. pombe Mtf2 appears to be primarily required for Cox1 synthesis. The functional differences have been found between other S. cerevisiae mitochondrial translation factors and their homologues in S. pombe and humans. For example, S. cerevisiae Cbp3, Cbp6 and Mss51 [59, 60] function both in mitochondrial translation and assembly of OXPHOS complexes. In contrast, S. pombe Cbp3, Cbp6 and Mss51 have a role in the assembly of OXPHOS complexes [50] . Unlike S. cerevisiae mam33, a non-essential gene required for Cox1 synthesis [61] , S. pombe mam33 is essential [62] . It is unclear whether S. pombe mam33 is involved in Cox1 synthesis. In contrast to S. cerevisiae Pet309 and S. pombe Ppr4, which are specifically required for Cox1 synthesis, human LRPPRC (the functional homologue of Pet309 and Ppr4) is involved in the stabilization of nearly all mitochondrial mRNAs and the coordination of mitochondrial translation [36, 37] . TACO1 is required for translating COX1 mRNA in mammals [38, 39] . However, the S. cerevisiae and S. pombe homologues of TACO1 are not required for COX1 protein synthesis ( [38] and our unpublished results). Thus, it appears that the factors involved in cox1 gene expression probably consist of both conserved and divergent proteins among S. cerevisiae, S. pombe and humans.
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